Introduction {#sec1}
============

Diabetic wounds are a common complication in diabetic patients and can lead to amputation \[[@cit0001], [@cit0002]\]. Diabetic wound healing is impaired by such causes as lack of growth factors, angiogenesis failure, and microvascular disorders \[[@cit0003], [@cit0004]\].

In recent years, numerous studies have been reported that describe the beneficial effects of platelet-rich plasma (PRP) and hyperbaric oxygen (HBO) on diabetic wound healing \[[@cit0005], [@cit0006]\]. Platelet-rich plasma contains high levels of factors that act on wound healing, such as platelet-derived growth factor, transforming growth factor-β, insulin-like growth factor-I, vascular endothelial growth factor, and basic fibroblast growth factor \[[@cit0005], [@cit0006]\]. Local antibiotic applications and surgical revascularization have been found beneficial in wound healing of diabetic patients \[[@cit0007], [@cit0008]\].

The role of HBO in wound healing is multifactorial. Oxygen consumption is increased as leukocytes migrate to the wounded area, while fibroblast activity leads to collagen deposition and collagen synthesis in a healing wound \[[@cit0009]\]. Accumulation of high oxygen at the wound site leads to neovascularization by stimulating both bone marrow and endothelium \[[@cit0010], [@cit0011]\]. Although numerous studies have investigated HBO and PRP methods, no study of diabetic wound healing to date has included hyperbaric oxygen therapy combined with platelet-rich plasma.

We aimed to investigate the advantages and side effects of hyperbaric oxygen therapy combined with PRP as a treatment for diabetic wounds.

Material and methods {#sec2}
====================

This study was approved by the local animal research ethics committee. Rats were housed singly in approved polycarbonate cages and were kept at a controlled temperature (23 ±2°C) and humidity (55 ±5%) under an artificially controlled light cycle. Food and water were given ad libitum. The experiment was done in accordance with the previous study \[[@cit0012]\].

Thirty-two female Wistar rats were divided into four groups: a diabetic control group, a hyperbaric oxygen group, a platelet-rich plasma group, and a combined therapy group (PRP + HBO).

Induction of diabetes mellitus {#sec2.1}
------------------------------

Rats were fasted overnight before being injected intraperitoneally (*i.p.*) with streptozotocin (STZ) at a dose of 55 mg/kg body weight (in 0.1 M citrate buffer, pH 4.5). Blood glucose levels were measured daily with a glucometer (Accu-Chek Active, Roche Diagnostics, Germany) to confirm the development of diabetes. Only those animals that showed hyperglycemia (blood glucose level \> 250 mg/dl) were considered to be diabetic \[[@cit0012]\]. If the glucose level was under 250 mg/dl, then the STZ dose was repeated.

Wounding procedures {#sec2.2}
-------------------

Diabetic rats were anesthetized by intraperitoneal injection of xylazine hydrochloride (10 mg/kg) and ketamine hydrochloride (25 mg/kg), and their dorsal surface hair was trimmed with an electric clipper. A full-thickness wound was created in the interscapular region of the upper back of each rat with a punch biopsy instrument (diameter 6 mm). After the application of PRP (if applicable), the wound was closed ([Figures 1 A, B](#f0001){ref-type="fig"}).

![Creation and closing of the wound](AMS-12-28528-g001){#f0001}

Preparation of platelet-rich plasma {#sec2.3}
-----------------------------------

Platelet-rich plasma was prepared from the blood of 4 rats. The donor rats were anesthetized and their blood was collected by cardiac puncture under anesthesia. Sixty ml of blood was added immediately to an anticoagulant. A citrate phosphate dextrose buffer (0.15 mg of 1 ml citrate phosphate dextrose buffer (CPD)) was added in the ratio of 1 ml of CPD buffer to 5 ml of blood. The blood was then centrifuged at 1200 rpm for 4 min using the Smart PreP Concentrate System (Harvest Technologies, Germany). The precipitate containing PRP was used for a second centrifugation at 3700 rpm for 10 min. The PRP was applied into the wound and the wound was closed.

Hyperbaric oxygen procedure {#sec2.4}
---------------------------

Hyperbaric oxygen sessions were conducted using an experimental hyperbaric chamber (AN -- 500, Sechrist, USA). The sessions were conducted daily and began on the first post-operative day; 8 animals were treated at the same time for 90 min at 3 atm absolute pressure \[[@cit0007], [@cit0009]\]. We opted for 7 sessions in the HBO and PRP + HBO groups. The beginning of the session included a compression period. After 15 min, the chamber manometer indicated 3 atm. This pressure (3 ATA) was maintained for 60 min, followed by decompression for 15 min; thus, each session ended after 90 min.

Complete blood count {#sec2.5}
--------------------

All rats were anesthetized after the treatment procedures on the 8^th^ day and their blood was collected by cardiac puncture under anesthesia. A complete blood count was then done for each rat using Coulter Gen-S automated hematology instruments (Beckman Coulter LH 780 Gen-S System; Miami, FL, USA).

Histologic analysis {#sec2.6}
-------------------

All rats were euthanized by intraperitoneal injection of pentobarbital (200 mg) on day 8. Each ulcer was harvested with surrounding tissue using sterile surgical scissors. The sample was fixed overnight in 10% buffered formalin solution. Each sample was then cut through at the widest margin and embedded in paraffin. Samples were sectioned in 4-µm increments. For each wound, three serial sections were placed on a slide and stained with hematoxylin and eosin (HE), Masson's trichrome, and CD34 (1 : 75, Leica, England). Under light microscopy, the sections were photographed using an upright bright field microscope equipped with a color camera ([Figures 2 A--D](#f0002){ref-type="fig"}).

![Angiogenesis is indicated by the blue color (CD34). Group microscopic images: **A** -- control group, **B** -- hyperbaric oxygen group, **C** -- platelet-rich plasma group, **D** -- combined group](AMS-12-28528-g002){#f0002}

Assessment of wound healing {#sec2.7}
---------------------------

To evaluate wound healing, the wound surface area, the presence or absence of an ulcer, epidermal thickness, dermal collagen fiber density, and proliferation of dermal blood vessels were considered.

Epidermal tackiness: HE-stained sections were used for the evaluation of the wound surface, the presence of ulcerations, and epidermal thickness. Epidermal thickness was classified by comparison with intact epithelium around the wound. The presence of a wound was also recorded.

Dermal collagen: To assess the state of the dermal collagen fibers, Masson trichrome-stained sections were evaluated. The amount of dermal collagen was classified as normal, increased, or decreased.

Dermal vessels: The density of dermal blood vessels was examined in the sections stained with CD34 antibody on the autostainer (Leica BOND-MAX, Bannockburn, IL, USA) using a multimer DAB kit. Neovascularization was classified as normal, mildly increased, moderately increased, or severely increased.

Wound area measurement: Photographs were taken of wound sites and wound sizes were measured via the 'netcad' digital imaging analysis program (S.NO:125478BD, Ankara, Turkey) ([Figure 3](#f0003){ref-type="fig"}). Mean wound sizes are shown in [Table I](#t0001){ref-type="table"}.

###### 

Rats' characteristics before and after the trial

  Paramter                      Control             PRP                 HBO                 Combined            Total               *P*-value
  ----------------------------- ------------------- ------------------- ------------------- ------------------- ------------------- -----------
  Before the trial:                                                                                                                 
   Blood glucose \[mg/dl\]      92 ±9               107 ±9              98 ±6               105 ±15             99 ±11              0.292
   Body weight \[g\]            242 ±9              222 ±9              228 ±13             228 ±7              228 ±13             0.111
  After the trial:                                                                                                                  
   Blood glucose \[mg/dl\]      299 (260--387)      286 (251--360)      356 (265--506)      305 (254--357)      302 (251--506)      0.128
   Body weight \[g\]            232 ±9              220 ±6              226 ±12             222 ±9              224 ±12             0.222
   Hemoglobin \[g/dl\]          13.8 (13.3--14.3)   13.5 (12.2--15.2)   13.9 (13.4--14.6)   13.7 (13.4--14.6)   13.7 (12.2--15.2)   0.489
   RDW (%)                      12.2 (11.9--13.1)   11.2 (10.5--11.9)   11.6 (11.2--12.2)   11.5 (11.2--12)     11.5 (10.5--13.1)   0.001
   Platelets \[× 10^3^/µl\]     1062 (788--1694)    669 (244--839)      769 (691--879)      810 (573--941)      811 (244--1694)     0.011
   Leukocytes \[× 10^3^/µl\]    2.9 ±1.1            4.7 ±2.8            3.2 ±1.7            3.1 ±2.4            3.5 ±2.1            0.506
   Lymphocytes \[× 10^3^/µl\]   2.28 (1.15--290)    4.66 (0.14--7.6)    2.38 (0.52--4.30)   2.61 (0.52--6.71)   2.61 (0.14--7.6)    0.086
   Neutrophils \[× 10^3^/µl\]   0.1 (0.04--0.3)     0.18 (0.03--0.2)    0.5 (0.01--1)       0.16 (0.06--0.24)   0.25 (0.03--1)      0.005
   Wound area \[mm^2^\]         83.3 ±42.2          29.1 ±9.9           42.1 ±14.9          17.6 ±7.5           43.1 (11--130)      \> 0.001

PRP -- platelet-rich plasma group, HBO -- hyperbaric oxygen group, Combined -- combined platelet-rich plasma and hyperbaric oxygen group, Control -- diabetic control group, RDW -- red blood cell distribution width.

![The wound excised with surrounding tissue and photographed for area measurement](AMS-12-28528-g003){#f0003}

Statistical analysis {#sec2.8}
--------------------

Results were summarized using descriptive statistics. The variables were expressed as numbers and class for categorical variables and mean ± standard deviation (or median and range for continuous variables) according to the distribution of the data. Categorical data were compared with the χ^2^ test or Fisher's exact test. Normally distributed data were compared using Student's *t* test and the Tukey test, while data with a skewed distribution were compared using the Mann-Whitney test. Correlation analysis was done using Pearson's test. The difference was considered statistically significant if *p* \< 0.05. All statistical analyses were performed using SPSS 18 (SPSS Inc., Chicago, IL, USA) software.

Results {#sec3}
=======

The study started with 36 female Wistar albino rats. Four of them were sacrificed for the preparation of PRP before treatment. The other 32 rats were randomly divided into four groups according to treatment protocols. At the end of the study, the rats' blood glucose levels and body weights were measured again. Weight loss was determined to be approximately 4%. At the end of the treatment, the median blood glucose level was 302 (ranging from 251 to 506) mg/dl.

Complete blood count {#sec3.1}
--------------------

At the end of the study all of the rats were anesthetized and their blood was collected by cardiac puncture; a complete blood count was then taken. The platelet count and reticulocyte distribution (RDW) were significantly higher in the control group than in other groups. The lymphocyte ratio was higher in the PRP group compared to other groups, but the difference was not statistically significant. Neutrophil count was higher in the hyperbaric oxygen group than in the other groups ([Table I](#t0001){ref-type="table"}). There was a positive correlation between the wound area and both RDW (*R* = 0.701, *p* \< 0.001) and platelet count (*R* = 0.479, *p* = 0.006).

Histopathological analysis {#sec3.2}
--------------------------

Active ulcers: Five (62.5%) rats in the control group, 3 (37.5%) in the HBO group, 2 (25%) in the PRP and 1 in the combined group (12.5%) were detected to have active skin ulcers ([Table II](#t0002){ref-type="table"}). The number of active skin ulcers in the combination therapy group was significantly lower than in the control group (*p* = 0.039).

###### 

Histologic results according to treatment groups

  Parameter               Class       Control                                      PRP         HBO                                          Combined                                     Total        *P*-value
  ----------------------- ----------- -------------------------------------------- ----------- -------------------------------------------- -------------------------------------------- ------------ -----------
  Active skin ulcer       Yes         5 (62.2%)                                    2 (25%)     3 (37.5%)                                    1 (12.5%)[\*](#tf2-1){ref-type="table-fn"}   10 (31.2%)   0.184
  No                      3 (37.5%)   7 (87.5%)                                    5 (62.2%)   7 (87.5%)[\*](#tf2-1){ref-type="table-fn"}   22 (68.7%)                                                
  Epidermal thickening    Thin        5 (62.2%)                                    1 (12.5%)   3                                            1 (12.5%)                                    10 (31.2%)   0.210
  Normal                  --          1 (12.5%)                                    2 (25%)     1 (12.5%)                                    4 (12.5%)                                                 
  Thick                   3 (37.5%)   6 (75%)                                      3 (37.5%)   6 (75%)                                      18 (56.2%)                                                
  Dermal vessel           Normal      1 (12.5%)                                    1 (12.5%)   --                                           1 (12.5%)                                    3 (9.3%)     0.065
  Mildly increase         4 (50%)     --                                           2 (25%)     2 (25%)                                      8 (25%)                                                   
  Moderate increase       3 (37.5%)   3 (37.5%)[\*](#tf2-1){ref-type="table-fn"}   2 (25%)     4 (50%)                                      12 (37.5%)                                                
  Severe increase         --          4 (50%)[\*](#tf2-1){ref-type="table-fn"}     4 (50%)     1 (12.5%)                                    9 (28.1%)                                                 
  Dermal collagen         Decrease    7 (87.5%)                                    1 (12.5%)   3 (37.5%)                                    1 (12.5%)                                    12 (37.5%)   0.008
  Normal                  --          1 (12.5%)                                    2 (25%)     --                                           3 (9.3%)                                                  
  Increase                1 (12.5%)   6 (75%)                                      3 (37.5%)   7 (87.5%)                                    17 (53%)                                                  
  Foreign body reaction   Yes         2 (25%)                                      2 (25%)     0                                            3 (37.5%)                                    7 (21.8%)    0.254
  No                      6 (75%)     6 (75%)                                      8 (100%)    5 (62.2%)                                    25 (78.1%)                                                

PRP -- platelet-rich plasma group, HBO -- hyperbaric oxygen group, Combined -- combined platelet-rich plasma and hyperbaric oxygen group, Control -- diabetic control group

statistically significant difference compared to control group.

Epidermal thickness: Epidermal thickness in the PRP and combined groups was greater than in the control group, but the differences between the groups were not statistically significant (*p* = 0.097 and *p* = 0.074, respectively).

Dermal collagen: In all the treatment groups compared to the control group, there was a significantly increased amount of dermal collagen in the wound area ([Table II](#t0002){ref-type="table"}). The hyperbaric oxygen group, PRP, and combined therapy group were similar in the amount of dermal collagen (*p* = 0.119).

Dermal vessels: Dermal angiogenesis in the study was not statistically different among the four groups ([Table II](#t0002){ref-type="table"}); however, angiogenesis was higher in all treatment groups compared to the control group, although the difference was not statistically significant (*p* = 0.65).

Wound area: Wound areas of all treatment groups were smaller than in the control group ([Table II](#t0002){ref-type="table"}). The combined treatment group had the best results compared to the others (hyperbaric vs. combined: *p* = 0.002; PRP vs. combined: *p* = 0.022). In the PRP group, wound area was smaller than in the hyperbaric oxygen group, but this difference was not statistical significant (*p* = 0.072).

A foreign body reaction was detected in 2 (25%) rats in the PRP group, 2 (25%) in the control group, and 3 rats (37.5%) in the combined therapy group ([Table II](#t0002){ref-type="table"}).

Discussion {#sec4}
==========

In this study, the experimental diabetic wound model and treatment options were investigated. Hyperbaric oxygen treatment, platelet-rich plasma, and a combination of HBO and PRP were used as treatments in the study. The combination therapy was superior to the control group in terms of closing of the skin ulcer. However, combination therapy and separate therapies were similar in terms of angiogenesis and new collagen fiber development. All treatment options were successful in generating new collagen fibers and neovascularization.

Wound healing is a process in which cells, extracellular matrix, cytokines, and growth factors all have roles to play. Diabetes mellitus inhibits the three stages of wound healing: the inflammatory phase, the proliferative stage through suppression of collagen deposition, and formation of new vessels \[[@cit0002], [@cit0004], [@cit0013]\]. Accelerated bacterial growth leads to cytokine production and a prolonged inflammatory response. As a result, the extracellular matrix is destroyed by the metalloproteases and causes chronic wounds. In this study, in the diabetic control group the wound area changed little over the course of the study. Furthermore, the skin of the healed ulcers appeared to be abnormal when examined by light microscope.

Platelet-rich plasma stimulates wound healing via cytokines, growth factors, and chemotactic factors \[[@cit0005], [@cit0006], [@cit0014]\]. Wound closure with PRP also creates a suitable environment for wound healing and factors protect the wound to prevent an increase in microbial contamination as a result of healing.

In clinical trials with PRP, wound healing and organized collagen fiber density have been reported to increase, making PRP effective in diabetic foot wound healing and preventing amputation \[[@cit0015], [@cit0016]\]. On the other hand, a few studies have reported poor results of PRP in the treatment of venous ulcers \[[@cit0017], [@cit0018]\].

Lower extremity ulcer healing depends on many factors, including ischemia, edema, infection, poor glycemic control, nerve damage, and hemodynamic disorders \[[@cit0002], [@cit0003], [@cit0012], [@cit0019]\]. Hyperbaric oxygen therapy stimulates angiogenesis and fibroblast activity, and acts on leucocyte function to promote wound healing \[[@cit0020], [@cit0021]\]. Previous studies have demonstrated that in diabetic patients with peripheral artery disease, cutaneous microvascular reflexes become normal under hyperbaric oxygen conditions \[[@cit0022], [@cit0023]\].

Researchers recommend combination therapies in case of insufficient results from the separate treatments. The purpose of the combination therapy, in addition to the additive effects of different methods, is to obtain a synergistic effect. Neves *et al.* compared a control group to combined and separate PRP and HBO in the treatment of osteomyelitis in his experimental study. The combination therapy was reported as successful in terms of the activity of osteoblasts, osteocytes, and collagen \[[@cit0024]\]. In the present study, we found that separate treatments were useful for collagen fiber regeneration and dermal angiogenesis, but combination therapy was more successful for wound healing. The additive effect of combination therapy resulted in a decrease in the wound area and an increase in the amount of granulation. We did not note any side effects with the combination therapy of PRP and HBO.

In conclusion, the use of hyperbaric oxygen and platelet-rich plasma separately, or in combination, in the treatment of diabetic wounds was found to be safe and successful. In our experimental study, the advantage of PRP was its low cost and easy application. The combination therapy and separate therapies had effects in terms of angiogenesis and new collagen fiber development, but the combination therapy was more successful in wound closing. Clinical studies are now needed to compare the cost-effectiveness of the combination therapy.
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